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Abstract-This paper presents a technique for cogging torque 
reduction in an axial-flux permanent-magnet (PM) generator 
suitable for use in a small wind turbine. These machines can be 
compact and have high power density; they are axially short 
with larger diameter which makes then very suitable for a wind 
turbine. The inherent cogging torque can cause problems during 
turbine start-up and cut-in. In this paper, a turbine is 
characterized via the measurement in a wind tunnel. The 
characteristics are then used to determine the specification for 
the generator. A method called “hybrid skew” is proposed for 
cogging torque reduction. 3-D finite element analysis is applied 
to evaluate the method and a 88 % reduction of peak cogging 
torque was obtained when combined with another known 
technique. This significantly improves the turbine performance 
at low start-up speed while maintaining high power density. The 
technique can reduce manufacturing confusion in N/S pole 
placement and allow a simple magnet shape for lower cost 
manufacturing. 
I. INTRODUCTION 
Axial-flux slotted permanent-magnet (PM) machines have 
high power density, high torque density and simple 
construction and hence are suitable for wind turbine 
applications [1]. In various axial-flux machine (AFM) 
constructions, a two-sided configuration is superior to the 
one-sided construction to balance the axial forces [1]. Studies 
have been carried to reduce cogging torque in the AFM [2-6]. 
Aydin et al [2] discussed alternating magnet pole area to 
reduce the cogging torque. The effects of stator slot 
displacement and rotor skew on AFM cogging torque were 
been investigated in [3]. Gonzalez et al [4] considered the 
magnet shapes combined with stator slot displacement to 
reduce cogging torque. Cogging torque in radial air-gap PM 
machines has also been studied in [3] and [4]. Some of these 
techniques require complex magnet shapes that increase 
manufacture cost or reduce magnet area that may reduce flux 
linkage and hence machine overall torque. 
There have been studies on AFMs applied to wind 
turbines [7-10]; however, very few discuss the reduction of 
cogging torque. Cogging torque in PM machines is 
undesirable since, in addition to potential noises and 
vibrations, turbine start-up can be difficult, and this 
characteristic is inherent in many PM machine arrangements 
which will significantly affect the performance. The situation 
is even worse when strong neodymium-iron-boron (NdFeB) 
magnets are used to enhance the power density. Turbine start-
up torque can also be increased if a gear box is employed 
which also has cogging torque – the combined cogging 
torques can be high. Previous studies have often used coreless 
designs [7-8] to avoid cogging torque, but this can 
significantly reduce power density [1].  
In this paper, a double-rotor slotted AFM is investigated 
(unslotted air-gap windings reduce the flux linkage and 
increases copper loss) for use in a direct-coupled wind turbine, 
with a solution put forward for cogging torque reduction. The 
proposed technique called “hybrid skew” and is used in 
conjunction with stator slot displacement to reduce cogging 
torque. In this technique, the North Poles have different 
shapes from the South Poles as shown in Fig. 1. The magnet 
skew is therefore formed in a different way from the common 
approach where skew is formed from similar shaped magnets. 
As can be seen, a complex shape is not required. The 
advantages of such a configuration are: (a) simple magnet 
shape for manufacture which reduces cost, (b) clarity N/S 
pole orientation and placement, (c) little loss in magnet 
volume to maintain performance. For verification, 3-D finite 
element analysis (FEA) is used to compute the cogging 
torque. Apart from the cogging torque reduction investigation, 
a performance comparison (e.g., air-gap flux density 
assessment) is made between the proposed hybrid skew 













Fig. 1.  Hybrid skew in magnet of the investigated axial flux machine. 
 
II. TURBINE CHARACTERIZATION AND GENERATOR 
DESIGN 
To determine the specifications of the axial-flux 
permanent-magnet generator (AFPMG), the turbine needs to 
be characterized. This is critical since both devices should 
match each other, this will enable high efficiency power 
conversion. The speed and torque of the shaft coupling 
between the turbine and generator need to correspond. The 
test turbine has a diameter of 1.36 m and was installed in a 
wind tunnel with a dynamometer to measure the output 
torque and speed; this is shown in Figs. 2(a) and (b). The 
measured turbine output power versus rotational speed under 
various wind speeds (Va) is shown in Fig. 3(a), and the 
normalized power conversion coefficient (Cp) curve is 
presented in Fig. 3(b). From Fig. 3 (b), the maximum turbine 
conversion rate was found to be 32 % at a tip speed ratio 
(TSR) of 4.6. The TSR and Cp can be defined as:  
t aTSR R Vω=  (1) 
30.5p aC AV Tρ ω=  (2) 
where Rt is the turbine radius, ω  is the turbine angular speed 
in rad/s, ρ  is the air density, A is the turbine area facing the 
wind, and T is the turbine shaft torque. In the tests, the rated 
condition was set at the wind speed of 11 m/s, where the 
turbine shaft output to the AFPMG is 400 W (Fig. 3(c)). The 
results in Fig. 3(c) are zoomed from Fig. 3(b). The turbine 
shaft torques are given in Fig. 3(d). At the rated point, the 
turbine speed and torque are respectively 660 rpm and 5.79 
N-m. The above information is used to determine the 
specifications of the AFPMG, as shown in Table I so that the 
generator can be designed to match the turbine characteristics. 
TABLE I 
AFPMG SPECIFICATIONS 
Rated voltage (V) 48 
Rated power (W) 580 
Number of pole 12 
Number of slots 18 
Rated speed (RPM) 660 






The designed 12-pole 18-slot AFPMG has a rated output 
voltage of 48 V at 11 m/s wind; this matches the input of a 
battery charger. The machine has double outer rotors with 
NdFeB magnets and a center inner stator, as shown in Fig. 4. 
Space constraints prevent the reporting of the detailed design 
process but it follows procedure described in [11]. The major 
dimensions are shown in Fig. 4. The air-gap is 0.67 mm and 
the magnet length is 3 mm. It should be noted that the 12-pole 
18-slot configuration has a very high cogging torque. This 
paper aims to use such a case to emphasize the effectiveness 
of the proposed technique. 
 
III. COGGING TORQUE ANALYSIS 
The variation of magnetic energy stored in the air-gap due 
to the permanent magnet flux at different rotor positions is the 







= −  (3)  
where φ  is the air-gap flux, R is the air-gap reluctance and θ  
is the angular position in electrical degrees. The use of strong 
rare-earth magnet (NdFeB) requires careful analysis of the 
cogging torque.  
The dual-rotor AFPMG is essentially the integration of 
two separate motors into one unit, with a single common 
shaft. Here, two parameters are defined for AFPMG cogging 
torque analysis: one is the known stator slot displacement 
factor (Kd) [3] and the other is the “hybrid skew factor” for 
magnet arrangement proposed in this paper. The displacement 
factor Kd as shown in Fig. 5 is defined as: 
d d sK t t=  (4) 
where td is the stator slot displacement and ts is the slot pitch. 
An appropriate selection of displacement factor for the stator 
teeth cancels the individual cogging torque developed in a 
particular air-gap section, which reduces the overall cogging 
torque. However, the displacement factor may vary between 
sections. This stator displacement method is used in 
conjunction with the proposed hybrid skew approach. This 
produces significant reduction in cogging torque. The most 
effective combination of these two factors will be 




 (a)                                               (b) 
 
Fig. 2.  (a) The turbine and (b) experimental setup (wind tunnel and 
dynamometer). 
 
The definition of hybrid skew is given in Fig. 1, for which 
two types of arrangement can be considered. These are 
illustrated in Fig. 6 (a) and (b) where the magnets of the 
upper and lower layers can be arranged symmetrically or 
asymmetrically. In the asymmetrical case (Fig. 6(b)), the 
skew in the magnet of one rotor layer is opposite to that in the 
other. For the symmetrical construction (Fig. 6(a)), the skew 
is the same for both layers. From a manufacturing point of 
view, the symmetrical construction is preferable since the 
confusion in N/S pole placement can be reduced (i.e., all N 
Pole magnets have the same shape which is different from the 
identical S Pole magnets). Although magnet skew is a popular 
way to reduce cogging torque [3-4], fringing in magnetic flux 
path may result in torque ripple or overall torque reduction. 
The objective of the proposed technique is to reduce cogging 




















3.16 m/s 3.23 m/s 4.0 m/s

























3.16 m/s 3.23 m/s 4.0 m/s





















3 m/s 5 m/s 7 m/s

















3 m/s 5 m/s 7 m/s
9 m/s 11.1 m/s 13 m/s
 
 (d) 
Fig. 3.  Turbine Characteristics: (a) measured power-speed curves, (b) Cp 








Fig. 5.  Definition of stator displacement. 
 
(a)                                             (b) 
Fig. 6.  Hybrid magnet skew: (a) symmetric and (b) asymmetric skews. 
 
IV. SIMULATION RESULTS 
The 3-D finite element package JMAG [12] is used to 
carry out the simulation and analysis of the cogging torque. 
The finite element model is shown in Fig. 7. The sole action 
of slot displacement is first investigated. Fig. 8 shows the 
cogging torques for various slot displacements. These are 
normalized to the case where there is no skew and Kd=0. As 
can be seen, Kd = 0.1875 has the least cogging torque for the 
12-pole, 18-slot arrangement. This displacement factor (Kd = 
0.1875) will be used in conjunction with the hybrid skew for 
further cogging torque reduction. 
 
Fig. 7.  Finite element model. 
 
To investigate the sole effect of the hybrid skew technique, 
the two configurations, i.e., asymmetrical and symmetrical, 
are both analyzed. The cogging torque for varying skew 
angles with Kd=0 is shown in Fig. 9. As can be seen, the two 
configurations have a similar cogging torque magnitudes, 
with the lowest peak cogging torque occuring at θ =2.5 
degrees although the shapes vary considerably. The cogging 
torque waveforms for varying hybrid skews at Kd=0 are 
shown in Fig. 10. From the above results, it is found that the 
proposed hybrid skew on its own reduces the cogging torque 
by 57 % while maintaining the performance. 
The simulation results for the proposed skew technique 
combined with the slot displacement method are presented in 
Fig. 11. Note that only the symmetrical skew arrangement is 
used in conjunction slot displacement. As can be seen, the 
best reduction in peak cogging torque is 88 % compared to 
the non-skewed magnet case. This shows the method to be 
effective and capable in reducing cogging torque to a much 
lower level. 
An air-gap flux density comparison is shown in Fig.12. 
The average of the air-gap flux density in the machine when 
the cogging torque is reduced is similar to the original 
arrangement without skew or slot displacement. This 
confirms that the proposed method is capable of significantly 
reducing cogging torque without affecting the machine 
performance.  
The target turbine has a start-up speed of 3.16 m/s, which 
produces an output torque of 0.6 N-m according to Fig. 3. 
The peak cogging torque produced by the proposed technique 
is very small and should not affect power output. Also, 
vibration and noise will be reduced so that the overall 
performance of the wind turbine is enhanced and improved. If 
a non-skewed machine is used in the turbine then it will be 
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Fig. 10.  Cogging torque for varying skew angles (Kd=0): (a) symmetrical 
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Fig. 12.  Air-gap flux density for non-skewed, hybrid symmetrical skew and 
hybrid symmetrical skew plus slot displacement (Theta=0 means non-
skewed). 
V. CONCLUSIONS 
A technique called “hybrid skew” has been developed for 
cogging torque reduction in an axial-flux permanent-magnet 
generator. This machine is aimed at use in a small wind 
turbine. A challenging 12-pole 18-slot axial flux machine 
with high cogging torque has been investigated. 3-D finite 
element analysis was used to carry out the simulation. It was 
found that the proposed method, with a hybrid skew θ =2.5 
degree, will work with another known technique (slot 
displacement factor=0.1875) to achieve an excellent 88 % 
reduction in peak cogging torque compared to the non-
skewed arrangement. Consequently, start-up of the wind 
turbine will be possible. Without cogging torque 
improvement it will be difficult for the machine to start. In 
addition, the overall performance will not be affected by the 
developed technique and there will be a reduction in 
manufacturing complexity and cost. 
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